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ABSTRACT
Herein, we report on the use of a tricyclic cytosine
FRET pair, incorporated into DNA with different base
pair separations, to study Z-DNA and B-Z DNA junc-
tions. With its position inside the DNA structure,
the FRET pair responds to a B- to Z-DNA transi-
tion with a distinct change in FRET efficiency for
each donor/acceptor configuration allowing reliable
structural probing. Moreover, we show how fluores-
cence spectroscopy and our cytosine analogues can
be used to determine rate constants for the B- to Z-
DNA transition mechanism. The modified cytosines
have little influence on the transition and the FRET
pair is thus an easily implemented and virtually non-
perturbing fluorescence tool to study Z-DNA. This
nucleobase analogue FRET pair represents a valu-
able addition to the limited number of fluorescence
methods available to study Z-DNA and we suggest
it will facilitate, for example, deciphering the B- to
Z-DNA transition mechanism and investigating the
interaction of DNA with Z-DNA binding proteins.
INTRODUCTION
Nucleic acids were first discovered as vectors of heredity
in living organism and they are now also known to be in-
volved in a variety of cellular processes like, for example,
transcription, regulation and biocatalysis. The nucleic acid
alphabet, composed of only five nucleobases (A, C, G and T
or U), is however rather rudimentary and the complexity of
the functions of DNA and RNA originates from their poly-
morphism. In vivo DNA is most commonly found as the
canonical duplex right-handed helical structure known as
B-DNA but DNA repeat-sequences can form several non-B
DNA structures such as the G-quadruplex, the i-motif and
Z-DNA (1–3). Since these structures are involved in impor-
tant cellular processes, the regulation of which can be key
in human diseases such as cancer (4), it is of utmost impor-
tance to understand their structural properties, thermody-
namics and mechanisms of formation.
In this work we focus on Z-DNA, a left-handed duplex
helix that can be formed in CpG (or GpC) dinucleotide
repeats. Its crystal structure was first reported in 1979 by
the team of Alexander Rich and its biological relevance has
long been debated, but it is now admitted that left-handed
DNA and RNA structures can be found in vivo and play
a role in transcription regulation (5–7). Compared to B-
DNA, Z-DNA is thermodynamically disfavored under nor-
mal cellular conditions and it forms only under specific con-
ditions such as high salt concentrations or negative super-
coiling, although the exact mechanism of its formation re-
mains to be determined (8–10). To screen for the increased
electrostatic repulsion of the phosphate-containing back-
bones that are closer to each other in Z-DNA than in B-
DNA, high salt concentration is needed for in vitro stud-
ies. However, recent evidence indicates that anions can also
influence B- to Z-DNA transition and so a pure electro-
static model fails to accurately explain the role of salts in
Z-DNA formation (11). In vivo, Z-DNA is assumed to form
as a result of mechanical constraints like negative supercoil-
ing but also of Z-DNA binding proteins such as ADARI,
a double-stranded RNA editing enzyme, which stabilizes
DNA in its Z-conformation (12–14). The presence of Z-
DNA amidst the widely predominant B-DNA structure is
dependent on the formation of B-Z DNA junctions which
require the presence of more weakly bound AT base pairs
(15–18).
Monitoring of the B- to Z-DNA transition has up until
now relied almost exclusively on circular dichroism (CD)
measurements, since the switch from a right- to a left-
handed helix results in a very distinctive inversion of the
signs of the CD peaks (10,19–22). NMR and X-ray struc-
tural studies have elegantly complemented CD measure-
ments and allowed the determination of high-resolution Z-
DNA and B-Z DNA junction structures (5,16,22). How-
ever, NMR and CD both require large amounts of sample
and X-ray diffraction is limited to crystallized, solid state
structures and therefore makes it impossible to study the
dynamics of the system in solution. A few other investiga-
tions of Z-DNA and B-Z DNA junctions have also been
performed using fluorescence spectroscopy. Fluorescence is
a very sensitive and versatile technique that allows monitor-
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ing of real-time processes and is, thus, particularly suited to
study nucleic acids structure and dynamics (17,18). How-
ever, utilizing fluorescence spectroscopy requires adequate
probes able to monitor the differences between the B- and
Z-forms of DNA. The golden standard of fluorescent base
analogues, 2-aminopurine (2-AP), has been used to study
the base-pair extrusion at B-Z junctions, taking advantage
of its environment-sensitive emission (23,24). While 2-AP
remains one the most widely used fluorescent base ana-
logues, it is a fairly poor fluorophore once incorporated
into DNA and its use in the field of Z-DNA seems lim-
ited to the study of B-Z junctions and cannot be extended
to a more comprehensive study of the Z-DNA structure.
FRET-donor Cy3 and -acceptor Cy5 have also been used
to study B-Z DNA junctions. This system can report on the
B-ZDNA transition by following the corresponding change
in FRET-efficiency at the single-molecule level (9,11,14).
While such an investigation gives highly valuable insight
on the system dynamics, single-molecule fluorescence is still
not a routine experiment in most laboratories and is not
easily implemented. Moreover, to maximize the change in
FRET-efficiency, the Cy-dyes can only be positioned at the
junction between B- and Z-DNAand, like 2-AP, this system
is not suited to investigate the intrinsic Z-DNA part of the
molecule. Hence there is a strong need for a versatile fluo-
rescent tool that enables more flexible labelling of any part
of the DNA sequence and that reliably monitors the B- to
Z-DNA transition.
We previously reported on a FRET pair of modified tri-
cyclic cytosines (tC) comprising a fluorescent donor, tCO
and an acceptor, tCnitro, for quantitative FRET applications
in DNA (25–27). On the contrary to conventional FRET
systems where free dye rotation and an average orientation
factor 2 of 2/3 are assumed, the tCO/tCnitro probes, directly
replacing native nucleobases, are firmly positioned inside
DNA virtually inhibiting rotational diffusion. As a conse-
quence, the FRET efficiency will not only depend on the
distance between the acceptor and the donor but also sig-
nificantly on their relative orientation. This makes it pos-
sible to use FRET quantitatively to resolve solution struc-
tures (28) and even small modifications of the DNA confor-
mation may result in significant changes in the FRET effi-
ciency for these probes. A similar orientation-dependence
of energy transfer has been observed, for example, for a
longer-range FRET pair involving Cy-dyes attached to the
ends of DNA and RNA (29). This observation is an ef-
fect of significant -stacking of the Cy-dyes to the termi-
nal bases of the oligonucleotide. Since the relative orienta-
tion of the Cy-dyes’ transition dipole moments is less re-
stricted, this end-labeling approach results in a slightly less
pronounced orientation-dependence, compared to the case
of the tCO/tCnitro FRET pair inside the base-stack (29).
With the knowledge of the properties of the tCO-tCnitro
FRET pair in B-DNA at hand, we report herein on its ap-
plication to monitor the salt-induced B- to Z-DNA tran-
sition by steady-state and time-resolved FRET. Two dif-
ferent DNA structures were investigated: a (GC)7 hair-
pin structure that completely converts to Z-DNA under
high salt concentration and a mixed structure comprising
a methylated or hemimethylated (GC)5 segment suscepti-
ble of forming a B-Z DNA junction (Figure 1). In the B-Z
Figure 1. DNA sequences investigated. Position of donor, tCO, in red and
acceptor, tCnitro, in green. Cytosines marked by a star are methylated un-
less they are replaced by tCnitro. In the hemimethylated sequence the donor
strand containing tCO is not methylated. The DX and AY notation of se-
quences reflect the position of the donor, D, and the acceptor, A, in the
sequence. The red box marks expected position of the extruded base pair
according to literature (16,17).
DNA junction sequence, the fluorescent donor tCO was po-
sitioned in the B-DNA part of the structure and the accep-
tor tCnitro at different positions of theGC segment undergo-
ing the B- to Z-transition. Three different base pair separa-
tions (4, 6 and 8) were investigated for both structures. CD
was used as a reference technique to evidence the B- to Z-
DNA transitionwhichwas shown to be associatedwith sub-
stantial changes in FRET-efficiencies in both the Z-DNA
hairpin and B-Z junction structures. Moreover, we show
that the fluorescence intensity variation can be monitored
over time to measure rate constants of the salt-induced B-
toZ-DNA transition. Importantly, we find that despite their
extended aromatic surfaces the modified tricyclic cytosines
only haveminor influence on the transition compared to un-
modifiedDNA.This suggests that the tricyclic cytosines can
be used efficiently and reliably in standard ensemble fluores-
cence experiments to monitor B- to Z-DNA transition vir-
tually without interfering with the nucleic acid system struc-
ture and dynamics.
MATERIALS AND METHODS
Theoretical FRET-calculations
DNA models were generated using the UCSF Chimera
package developed by the Resource for Biocomputing, Vi-
sualization and Informatics at the University of Califor-
nia, San Francisco (supported byNIGMSP41-GM103311)
(30). For Z-DNA, an available crystal structure (PDB num-
ber 4LB5) was used, while the B-DNA was built up using
the oligonucleotides build structure command of Chimera
(Figure 2). The theoretical FRET efficiency values in B-
DNA have already been reported elsewhere (25) and the
new calculations were performed for Z-DNA only. The B-
DNA structure is shown only for the purpose of compar-
ison. The drawing of tCO and tCnitro structures was per-
formedwithChemAxonMarvin Sketch (31). The structures
of the modified cytosines were imported into Chimera and
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Figure 2. Top and side view of the B- and Z-DNA structures showing the
positions and orientations of tCO (red) and tCnitro (green) for different
base-pair separations. Arrows in the top view indicate the direction of the
transition dipole moments of the tCO/tCnitro chromophores. In the top
view, transparency increases with the number of base pairs separating tCO
and tCnitro.
superimposed onto the native cytosines at the desired posi-
tions. To determine the orientation factor κ2 of the differ-
ent FRET-pairs, the angles between the long axis of tCO
and that of each tCnitro molecule were determined using
atom coordinates, and angles () between transition dipole
moments were then inferred according to literature data
(26,27).
To simplify the calculations, the bases were assumed to
be in parallel planes, and thus, the distance d between the
donor and acceptor planes and the orientation factor κ2
were calculated as follows:
- d = (n+1)r where n is the number of base-pairs separating
donor and acceptor and r the rise per base pair (r = 3.7 A˚
for Z-DNA and 3.4 A˚ for B-DNA) (32)
- κ2 = cos2() (simplified expression since the bases are as-
sumed to be in parallel planes)
The Fo¨rster distance R0 (in A˚) and the theoretical FRET
efficiencies E were then calculated according to the follow-
ing equations:
R0 = 0.211
(
κ2η−4QDJ(λ)
)1/6
E = R
6
0
R60 + d6
Where η is the refractive index of the medium (η = 1.4 in
DNA) and QD the quantum yield of the donor tCO (0.23).
The overlap integral J(λ) has previously been calculated for
the tCO/tCnitro pair and is equal to 1.3 × 1014 M−1 cm−1
nm4 (25).
Oligonucleotides
tCO and tCnitro were purchased from GlenResearch Corp.
(Sterling VA, USA) and the oligonucleotides sequences
were obtained from ATDBio (Southampton, UK). Single-
stranded oligonucleotides were dissolved in mQ water at
∼500 M and concentrations were measured by UV-Vis
absorption measurements at 260 nm. Duplex- and hairpin-
sequences were annealed at 100 M in pH 7.5 25 mM PBS
buffer with 100 mM NaCl by heating in a water bath at
95◦C followed by slow cooling to 5◦C over 12 h. B- to Z-
DNA transition was induced by diluting the 100 mMNaCl
B-DNA stock solution in a high salt (2–4.9 M NaCl) PBS
buffer (10L of 100Mstock solution into 990l of buffer
for a final concentration of 1Mor 20L of stock solution
for a final concentration of 2 M).
Circular dichroism (CD)
Circular dichroism (CD) spectra of 2 M DNA solutions
were recorded on a Chirascan CD spectrophotometer at
20◦C between 210 and 350 nm in a 0.5 cm path-length
quartz cuvette. Spectra were an average of 4 scans at 2 nm
s−1 and were corrected for background contribution.
Steady-state fluorescence
Fluorescence spectra of 1 M DNA solutions were
recorded in 1 cm path-length quartz cuvettes on a Cary
Eclipse spectrophotometer between 370 and 600 nm with
an excitation wavelength of 360 nm (excitation and emis-
sion slits set to 5 nm) and an integration time of 0.1 s. Spec-
tra were corrected for variations in detector sensitivity with
wavelength. Steady-state FRET-efficiencies were calculated
according to the following equation:
E = 1 − FDA
FD
where FDA is the integrated fluorescence intensity of the
DNA-sequence containing the donor tCO and the acceptor
tCnitro and FD the integrated fluorescence intensity of the
sequence containing the donor only.
Time-resolved fluorescence
Time-resolved fluorescence decays of 1 MDNA solutions
were measured using TCSPC (time-correlated single pho-
ton counting). The excitation source was a 377 nm laser
diode pulsed at 10 MHz. The fluorescence emission was fil-
tered by a monochromator with a resolution of 10 nm and
detected by a microchannel plate photomultiplier Hama-
matsu R3809U-50. The counts were fed into amultichannel
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Table 1. Theoretical κ2 and FRET-efficiencies (E) values
Bp separation B-DNA Z-DNA
Distance (A˚) κ2 E Distance (A˚) κ2 E
4 17 0.65 0.92 18.5 0.93 0.94
6 23.8 0.093 0.13 25.9 0.44 0.50
8 30.6 1 0.42 33.3 0.12 0.059
analyzer with 2048 channels (Life-spec, Edinburgh Analyt-
ical Instruments) where a maximum of 10 000 counts were
recorded in the top channel. All fluorescence decays were
recorded in a time window of 100 ns. The data were con-
voluted with the instrument response function and fitted
to mono- or bi-exponential functions using Fluofit Pro v.4
(PicoQuant GmbH). The average lifetimes were amplitude-
weighed. Time-resolved FRET efficiencies were calculated
according to the following equation:
E = 1 − τDA
τD
where τDA is the average lifetime of the system containing
both donor and acceptor and τD the average lifetime of the
corresponding donor only system. The values reported here
are the average of two independent measurements.
Kinetics measurements
Kinetics of the B- to Z-DNA transition were measured by
following the evolution of the CD signal at 285 nm or of
the fluorescence at 460 nm immediately after the addition
of B-DNA to the high salt buffer over a period of 900 to
2300 s. Given the considerable time scale of the transition,
the time necessary to add the DNA into the buffer and to
start the measurement (<5 s) was considered negligible. For
CDmeasurements, an integration time of 100 s/point was
used and fluorescence parameters are the same as in the
steady-state measurements.
RESULTS AND DISCUSSION
To evaluate the feasibility of using the tricyclic cytosine
FRET-pair, we first calculated theoretical values of FRET-
efficiencies for different base-pair separations and com-
pared them to the corresponding, previously known val-
ues in B-DNA. Such calculations also provide us with ref-
erence values that can be compared with FRET experi-
ments at high and low salt on the two DNA sequences,
the hairpin and B-Z DNA junction (Figure 1). In this
way the DNA conformations can be experimentally de-
termined with steady-state and time-resolved fluorescence
spectroscopy using the FRET pair and with CD as a refer-
ence method.
Theoretical estimates of FRET-values
Theoretical FRET-efficiencies of our tCO/tCnitro FRET-
pair inside aZ-DNAwere calculated using an available crys-
tal structure of a (GC)6 duplex DNA in the Z-form (33).
We used it to model the three different base-pair separa-
tions (4, 6 and 8) that we have in our (GC)7 hairpin. The
transition from B- to Z-DNA induces a change in the dis-
tance between the donor and the acceptor since the rise
per base pair is higher in Z-DNA than in the B-form (3.7
and 3.4 A˚, respectively) (32) but more importantly, Figure 2
shows how the relative orientation of the tCO and the tCnitro
chromophores is drastically altered due to the change from
right to left-handed helicity. Whereas in most freely rotat-
ing FRET-pairs the orientation factor κ2 is assumed to be
2/3, it plays a very important role in the case of this in-
ternal FRET pair and, as a result, a distinct change in the
FRET efficiencies is expected for each position upon tran-
sition from B- to Z-DNA (Table 1). As can be seen in Table
1, the high FRET anticipated for the four base-pair separa-
tion in B-form is not expected to change significantly due to
the very short distance. On the other hand, both the six and
eight base-pair configurations are expected to show large
variations in FRET-efficiencies, more than tripling (from 13
to 50%) in the former case and decreasing 7-fold (from 42
to 6%) in the latter case (see Table 1).
Monitoring right- and left-handed DNA-conformations using
the tCO/tCnitro FRET-pair
(GC)7 hairpin sequence. The hairpin sequence (Figure 1)
built up byGpC repeats, with the exception of the 4 thymine
loop, is expected to undergo a total conversion fromB- to Z-
conformation at high salt concentration. To study the effect
of salt on the transition, two different high sodium chlo-
ride concentrations (3 and 4.5 M NaCl) were investigated
and compared to the same sample at 100 mM NaCl. Since
theoretical calculations suggested that the change in FRET-
efficiency for the hairpin having the tCO/tCnitro FRET-pair
separated by only four base-pairs will be negligible (Table
1), this sequence (D3A8; the DX and AY notation of se-
quences used throughout this study reflect the position of
the donor, D, and the acceptor, A, in the sequence; the po-
sition numbering is indicated in Figure 1) was only studied
at 4.5 M NaCl. As can be seen in Figure 3A the CD spec-
tra at 100 mM Na+ show the characteristic features of B-
DNA. A few minor differences in intensity were observed
between the unmodified reference sequence and the corre-
sponding modified ones, which most likely originate from
the difference in absorptive properties between the native
cytosines and the tricyclic cytosines that replace them. At
4.5 M NaCl, the CD spectra are essentially inverted (Fig-
ure 3C), with a negative peak at 295 nm and a positive
one at 255 nm, which is characteristic of Z-DNA. Also at
this salt condition the CD spectra are virtually identical for
the native and the correspondingmodified oligonucleotides.
Hence the data strongly suggest that the hairpin sequence
undergoes the expected B- to Z-DNA transition, whether
the sequence contains our modified tricyclic cytosines or
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Figure 3. CD spectra and FRET efficiencies calculated from time-resolved emission measurements of the (GC)7 hairpin sequence at different salt concen-
trations. CD spectra of modified (GC)7 hairpins at (A) 100 mM, (B) 3 M and (C) 4.5 M NaCl, the reference hairpin being the corresponding unmodified
sequence with only natural nucleobases. To facilitate comparison, the CD spectra of the reference structures at the three salt conditions are displayed
together in panel (D). (E) FRET efficiencies calculated from time-resolved measurements of the (GC)7 hairpin structures at the three salt conditions.
Measurements performed at room temperature in pH 7.5 buffer (25 mM PBS).
not. At 3 M NaCl, the CD spectra reveal incomplete tran-
sition and indicate different B-DNA:Z-DNA ratios for the
unmodified and modified sequences (Figure 3B). Quantifi-
cation of these ratios can be achieved using the CD spectra
(see Table S2 in Supplementary Material) and shows that
the reference sequence undergoes 57% transition to the Z-
form compared to 73% for the D3, donor only, sequence
and about 85% for the D3A10 and D3A12 sequences con-
taining both donor tCO and acceptor tCnitro at 6 and 8 base-
pairs separation configurations, respectively. A salt titration
from 2 to 4.9 M NaCl was also performed on the reference
and D3A10 sequences (see Figure S1 in the Supplementary
Material), which shows that the transition is triggered at
slightly lower salt concentration in the presence of the mod-
ified cytosines but that at 4.5 M NaCl they adopt the same
Z-DNA conformation.
The intrinsic fluorescence of tCO increases upon B- to Z-
DNA transition and this is accompanied by a change of
fluorescence lifetime from 3.36 ns in the B-form to 4.68
ns in the Z-conformation (for spectra and lifetimes val-
ues see Figure S3 and Table S3 in Supplementary Mate-
rial). These two parameters can readily be used to probe
the B- to Z-DNA transition without resorting to FRET-
measurements and calculations but as we will discuss below,
FRET presents many advantages. Recently, a fluorescent
guanosine analogue was reported that, in a similar fashion,
was able tomonitor B- to Z-DNA transitions with a fluores-
cence intensity increase (34). A similar enhancement of the
fluorescence in Z-DNA has previously also been observed
for 2-AP and was attributed to the disruption of the contin-
uous base stacking of B-DNA, as the Z-DNA architecture
forms a discreet 4-base stack (35,36). This increase in emis-
sion, thus, appears to be an intrinsic property of Z-DNA
regardless of the fluorophore. FRET experiments have sig-
nificant advantages compared to intensity-based measure-
ments since environmental (solvents, cosolutes, oxygen) and
instrumental factors (lamp fluctuations, detector sensitiv-
ity) influencing fluorescence intensity, in particular when
working in complex samples and media, can be handled
more reliably. In FRET experiments the fluorescence of the
donor alone is measured as a reference in exactly the same
conditions as those of the donor/acceptor sample. This
means that the additional donor intensity change upon ad-
dition of the acceptor is a change strictly associated with the
FRETmechanism and not to other external factors. Impor-
tantly, the change in fluorescence associated with a confor-
mational change as a result of energy transfer can be pre-
dicted through Fo¨rster theory, as has been done here for
the hairpin structure (Table 1), giving a good indication of
what change of emission to expect when performing the ac-
tual FRET-experiment. The advantage of FRET is partic-
ularly large when using time-resolved emission, since mea-
surements of fluorescence lifetimes are independent of con-
centration and therefore also avoid such experimental errors
that can accompany intensity-based studies.
The time-resolved FRET efficiencies measured here were
calculated with high reproducibility in duplicate from the
measured average lifetime values and are shown in Figure
3E and reported in Table 2 (see Table S3 in Supplemen-
taryMaterial for fluorescence decay fittings and lifetime val-
ues). FRET-efficiencies calculated from steady-state emis-
sion spectra are virtually similar to those from the time-
resolved measurements but experimental errors are higher
(Figure S4 and Table S1 in Supplementary Material). As
can be seen in Figure 3E we find a distinct change in
FRET-efficiency for all donor/acceptor configurations. For
the 8 base-pair separation sample this change is most pro-
nounced, with a significant drop from 35% in the B-form to
8% in the Z-form while the 6 base pair separation sample
gives a smaller but still significant change from 23% to 28%
going from B- to Z-DNA (Table 2). The general trend and
the values correlate well with the theoretical calculations
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Table 2. Time-resolved FRET efficiencies of the (GC)7 hairpin sequences at 100 mM, 3 M and 4.5 M NaCl. Values are the average of two independent
measurements
Sequence 100 mM NaCl 3 M NaCl 4.5 M NaCl
D3A8 0.82 ± 0.01 n.d. 0.74 ± 0.01
D3A10 0.23 ± 0.01 0.28 ± 0.01 0.28 ± 0.01
D3A12 0.35 ± 0.01 0.084 ± 0.005 0.080 ± 0.010
(Table 1), except for the four base-pair separation sequence
(sample D3A8), where an unexpected change in FRET ef-
ficiency is observed. It is possible that, due to the short dis-
tance between the donor and acceptor in this configuration,
the energy transfer occurs through several different path-
ways and thus will not strictly obey the Fo¨rster theory. The
larger variation in the theoretical estimates of the FRET-
change in the 6 base-pair separation case compared to ex-
periment could be an effect of the very high responsiveness
to small structural variations around such base-pair sepa-
rations (25).
As expected from the calculations the transition from
B- to Z-DNA results in significant changes in the FRET-
efficiencies of the tCO/tCnitro FRET pair. Taking into ac-
count only the distance change and an average κ2 of 2/3, a
decrease in the FRET efficiency from 71 to 60% for the 6
base-pair separation and from 35 to 25% for the 8 base-pair
separation would be expected. With our FRET-pair in this
system, the orientation dependence of the FRET results in
larger variations with an increase or decrease of the FRET
efficiencies. This results in a specific FRET pattern, finger-
print, allowing the unambiguous identification of Z-DNA.
A minor stabilizing effect of the Z-form of DNA by the tC-
bases was observed but it does not interfere with the mea-
surements when the salt effect is strong enough to induce
complete conversion to the Z-form (4.5 M NaCl). How-
ever, at 3MNaCl where the unmodified sequence is present
in a mixture of B- and Z-form DNA, the additional stabi-
lization of the tC-bases in the modified oligonucleotides is
clearly visible (Figure 3B). The FRET-efficiency results at
3 M NaCl are essentially the same as those at 4.5 M NaCl
but should be considered with a slight caution since the CD-
spectra and our calculations in the Supplementary Mate-
rials mentioned above (Supplementary Table S2) indicate
that the DNA sequences containing the donor and those
containing both donor and acceptor do not have the same
distribution of DNA-forms (more B-form in the donor-
only sequence D3 compared to the donor–acceptor systems
D3A10 and D3A12, vide supra).
B-Z DNA junction sequence. Next, we carried out similar
experiment for the duplexes susceptible of forming a B-Z
DNA junction, in their unmethylated (BZ), hemimethylated
(hMeBZ) and methylated (MeBZ) forms. The study of B-Z
DNA junctions is of high importance to understand the bi-
ological role of Z-DNA and its transition mechanism, since
such junctions are required for Z-DNA (or Z-RNA) to form
in vivo amidst the widely predominant B-DNA (or A-RNA)
(17).
The sequence is comprised of a methylated or
hemimethylated (GC)5 repeat segment susceptible of
forming Z-DNA and of an 8 bp segment expected to re-
main in the B-form even at high salt conditions (Figure 1).
The B-DNA part of the sequence was selected randomly,
except for the three AT base pairs which have been proven
to be necessary for the formation of B-Z junctions as they
are weaker and, thus, can induce the flexibility necessary for
the DNA sequence to switch from a right- to a left-handed
helix (15–17). The transition is less prone to occur in such
a B-Z DNA junction sequence than in the GC-hairpins
discussed in the previous paragraph and methylation was
necessary to induce the B to Z-DNA transition (Figure
4D). The short distance sample, D5A10, was only studied
in its methylated form since, for similar reason as in the
hairpin structure, at this base-pair separation it is not
expected to give useful data in the FRET measurements.
The methylated sequences display typical B-DNA CD
spectra at 100 mM NaCl (Figure 4A) whereas at high salt
concentration a negative peak at 295 nm characteristic of
Z-DNA is formed (Figure 4B). However, the ellipticity at
255 nm remains negative at 4.5 M NaCl which, unlike in
the Z-hairpin structure, suggests the expected formation of
a mixture of B- and Z-DNAwith a B-ZDNA junction. The
differences between the CD-spectra of the reference and the
modified sequences at both low and high salts are larger
than in the case of the hairpin sequence (Figure 3A, B). Also
here the variations most likely originate from differences in
absorption between normal C and the tricyclic cytosines.
Additionally, unlike for the hairpin structures, excess single
strand can here contribute to the CD and increase the dif-
ferences. Due to the significant differences in the CD spec-
tra, salt titrations from 2 to 4.9 M NaCl were performed
to monitor for differences in DNA conformation. Compar-
ison of the variations of the CD intensities at 295 nm for the
reference MeBZ sequence and the MeBZ-D5A12 sequence
shows that they undergo the same transition with a tran-
sition mid-point around 3 M NaCl and saturation at 4 M
NaCl (see Figure S2 in Supplementary Material). These re-
sults confirm that despite the differences in intensity, the ref-
erence and modified sequences undergo a similar change of
conformation and end up with the same BZ junction struc-
ture.
The standard CD results are validated by the FRETmea-
surements performed using the tCO/tCnitro pair where a
variation of the FRET-efficiencies subsequent to the transi-
tion is observed for all sequences (Figure 4E and Table 3).
Again, the FRET-efficiencies calculated from steady-state
emission spectra are virtually similar to those from the time-
resolved measurements but experimental errors are higher
(Figure S4 andTable S1 in SupplementaryMaterial).More-
over, similar steady-state FRET results were observed for
the methylated sequence D5A12 at a sample amount 333
times lower than for the CD experiments, without changing
the measurement conditions (data not shown). This high-
lights the advantage of fluorescence over CD: a satisfactory
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Figure 4. CD spectra and time-resolved FRET efficiencies for the methylated and hemimethylated B-Z DNA junction sequences at low and high salt con-
centrations. CD spectra of themethylated B-ZDNA junction sequences (MeBZ) in (A) 100mMand (B) 4.5MNaCl. (C) CD spectra of the hemimethylated
B-Z DNA junction sequences (hMeBZ) at 4.5 M NaCl. (D) CD spectra of the reference methylated (MeBZ), hemimethylated (hMeBZ) and unmethylated
(BZ) B-Z DNA junction sequences at 100 mM and 4.5 M NaCl. (E) Time-resolved FRET efficiencies of the methylated (patterned bars) and hemimethy-
lated duplexes at 100 mM and 4.5MNaCl. The reference sample in panels A to C is the sequence containing no tricyclic cytosine molecules. Measurements
performed at room temperature in pH 7.5 buffer (25 mM PBS).
Table 3. Time-resolved FRET efficiencies with mean errors for the hemimethylated and methylated BZ-junction sequences at two different salt concentra-
tions. Values are average of two independent measurements
Sequence Hemimethylated form (hMeBZ) Methylated form (MeBZ)
100 mM NaCl 4.5 M NaCl 100 mM NaCl 4.5 M NaCl
D5A10 n.d. n.d. 0.93 ± 0.01 0.86 ± 0.01
D5A12 0.24 ± 0.01 0.39 ± 0.01 0.20 ± 0.01 0.48 ± 0.01
D5A14 0.38 ± 0.01 0.34 ± 0.01 0.37 ± 0.01 0.29 ± 0.01
CD spectrum requires a significantly higher sample amount
(the amount used in the CD-experiments presented in this
study is approaching the limit) and a longer acquisition time
(in our case we used 12 min for CD versus 3 min for fluo-
rescence).
It is worth noting that the intrinsic fluorescence intensity
and lifetime of tCO remain much more stable during this
transition than in the case of the hairpin (for spectra and
lifetimes values see Figure S3, Table S4 and S5 in Supple-
mentary Material). These two observations constitute fur-
ther evidence that a B-Z DNA junction and not a pure Z-
DNA is formed and that, as expected, tCO is located in the
B-DNA segment and its environment, therefore, is kept un-
changed. This results in a different relative orientation of
tCO and tCnitro, and thus in a different orientation factor
and consequently FRET efficiency, in the B-Z DNA junc-
tion compared to in the hairpin (vide supra) where the struc-
ture is all Z-form. The trend in the FRET efficiency varia-
tion is similar to that of the hairpin, with an increase for
the 6 bp separation duplex and a decrease for the 8 bp sep-
aration duplex. However, in this case the larger variation is
observed for the 6 bp separation with a change in efficiency
from 20 to 48% and, on the contrary to the Z-DNA hairpin
structure, the 8 bp separation undergoes a smaller variation
in FRET efficiency from 37 to 29% (Table 3).
As expected, the structures and FRET-efficiencies at
100 mM are virtually identical for the methylated and
hemimethylated sequences. However, under high salt con-
ditions the CD-spectra of the hemimethylated sequences
show that the transition occurs to a significantly smaller
extent than for the fully methylated one (Figure 4C and
Table 3). The negative band at 295 nm is indeed less pro-
nounced than for the fully methylated sequence. This em-
phasizes the well-known ability of 5-methylcytosines to fa-
cilitate the B-Z transition. The effect of methylation is
clearly shown by comparing the CD-spectra of the un-
methylated, hemimethylated and fully methylated unmod-
ified sequences at different salt concentration (Figure 4D).
The unmethylated B-Z sequence shows almost no transi-
tion to the Z-form and the extent of Z-DNA in the B-Z
DNA junction sequence increases with the extent of the
methylation of the cytosines (see also Figure S2 in Supple-
mentary Material). The large decrease in intensity visible
in the long-wavelength part of the CD spectrum of the un-
methylated sequence when increasing the salt concentration
(BZ sequence, Figure 4D) has been observed previously and
seems to be a consequence of the presence of high salt B-
DNA structures (37). Importantly, the absence of signifi-
cant change in CD signal in the 250 nm band for the same
sample is a clear indication that no Z-DNA is formed (37).
The need for cytosine methylation and the absence of B- to
Z-transition at 3 M NaCl (data not shown) shows that the
transition is thermodynamically more disfavored compared
to the same transition in the full Z-DNA hairpin due to the
necessity of forming a B-Z DNA junction.
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Figure 5. Kinetics of B- to Z-DNA transition of (GC)7 hairpin structure. Measurements were performed at 4.5 M NaCl (left) and 3 M NaCl (right) and
20◦C by monitoring the fluorescence intensity at 460 nm (data points). Lines are mono-exponential fits of the experimental data.
At high salt the variation of the efficiencies of the
hemimethylated samples follows the same trend as for their
methylated counterpart but with a lower magnitude. For in-
stance, it changes from 24% in the B-form to only 39% in
the Z-form (instead of 48% for the methylated counterpart)
for the 6 base-pair separation sample (Figure 4E), which
is consistent with a partial transition to Z-DNA as was
also found using CD measurements. Despite the slight sta-
bilizing effect of the tC-bases observed in the hairpin struc-
ture, the hemimethylated sequences all seem to display sim-
ilar amount of Z-DNA regardless of the modifications, al-
though exact quantification is not possible due to the mix-
ture of B- and Z-DNA. Along with the salt titrations per-
formed on the methylated sequences (see Supplementary
Material Figure S1 and S2), this demonstrates that the sta-
bilizing effect of the tC bases observed in the case of the
hairpin is negligible compared to that of cytosine methyla-
tion. This property is necessary if the tC bases should serve
as virtually non-perturbing probes for Z-DNA and was not
obvious considering that the extended ring system of the
tricyclic cytosines represents a much larger structural mod-
ification to the cytosine scaffold than methylation. For in-
stance, C8-arylguanine have been shown to drastically sta-
bilize Z-DNA, thus enabling the transition to occur un-
der physiological conditions and a similar effect of the tC-
probes would not have been surprising (38,39). The fact that
the tCO/tCnitro bases seem to behave essentially as normal
cytosines in this respect allows their use to quantitatively
measure the extent of Z-DNA in a partially transitioned
methylated DNA sequence. This was not the case for the
unmethylated GC-hairpin investigated above. For both the
hemimethylated D5A12 and D5A14 sequences, the varia-
tion of FRET efficiency is about half that of the fullymethy-
lated one. Assuming that the transition is complete in the
GC-segment for the fully methylated sequence, this means
that a mixture of 50% B-DNA and 50% B-Z junction DNA
is present in the hemimethylated state. The quantification of
Z-DNA in a B-Z junction sequence is not straightforward
using CD-spectra (11), and we envision that our FRET-
system can be used with an advantage for this purpose.
Kinetics of the B- to Z-DNA transition
After demonstrating the ability of our FRET pair to cor-
rectly discriminate between the B- and Z-forms of DNA, we
set out to study the kinetics of the B- to Z-DNA transition
in the (GC)7 hairpin sequence by following the evolution of
the fluorescence signal at the two high salt conditions (4.5
and 3MNaCl, Figure 5). Despite being thermodynamically
more disfavored, the transition in the B-Z DNA junction
sequence occurred much faster, possibly due to the shorter
GC-repeat segment, and was not possible to measure ac-
curately without using stopped-flow techniques (data not
shown). Since following the change in the intrinsic fluores-
cence of tCO during the transition (vide supra) is enough to
obtain kinetics curves, the presence of our FRET acceptor
tCnitro is notmandatory here.However, studying the kinetics
for the sequences containing our complete FRET pair was
also interesting in order to evaluate the effect of the modi-
fied nucleobases on the B- to Z-DNA transition. Also, the
signal variation during the transition is significantly higher
in the case of the 8 base-pair separation FRET-sequence
than the intrinsic variation of tCO fluorescence intensity,
thus affording more reliable experimental data.
In all cases a significant variation in fluorescence was ob-
served due to the change in FRET efficiency or as an effect
of the change of the intrinsic fluorescence of tCO (D3). The
kinetics curves could be well fitted to a mono-exponential
function (Figure 5), suggesting first-order kinetics for the
B- to Z-transition of the hairpin. The fits yielded rate con-
stants, k, between 5 × 10−3 and 8 × 10−3 s−1 (Table 4) with
a good reproducibility (5.1% error on average for the four
sequences). The values we find are about one order of mag-
nitude lower than the transition rate constants that have
been measured by single molecule fluorescence means for
a B-Z DNA junction sequence with a (GC)6 segment in the
presence of the Z binding domain (14). Even though strict
comparison is impossible since the rate of transition will de-
pend on the length of the GC-segment and on the condi-
tions used to induce the transition, the values found herein
are reasonable when comparing to the previously obtained
results.
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Table 4. Rate constants of the B- to Z-DNA transition of the (GC)7 hair-
pin structure calculated by fitting the fluorescence kinetics curves to a
mono-exponential function. The rate constants are an average of two in-
dependent measurements
Sequence k (10−3 s−1)
4.5 M NaCl 3 M NaCl
D3 5.3 ± 0.1 1.7 ± 0.1
D3A8 6.9 ± 0.1 -a
D3A10 7.8 ± 0.5 2.6 ± 0.2
D3A12 6.3 ± 0.6 2.1 ± 0.2
aAs was the case for time-resolved fluorescence measurements, sequence
D3A8 was only studied at 4.5 M NaCl (vide supra).
Table 5. Rate constants of the B- to Z-DNA transition of the (GC)7
hairpin structure calculated by fitting the CD kinetics curves to a mono-
exponential function. The rate constants are an average of two independent
measurements
Sequence k (10−3 s−1)
4.5 M NaCl 3 M NaCl
Unmodified hairpin 5.75a 2.2a
D3 5.75a -
D3A8 7.8a -
D3A10 7.55a -
D3A12 5.6a -
aErrors are <10%.
We compared our fluorescence kinetics measurements to
investigationsmade byCDwhich currently is themost com-
mon method to follow the B- to Z-DNA transition kinetics
(10). This also allowed us to measure the kinetics of the un-
modified DNA and compare it to our tC-modified oligonu-
cleotides (see Figure S5 in SupplementaryMaterials for CD
kinetics curves).
The kinetics curves obtained using CD could also be fit-
ted to a mono-exponential function (Table 5). At 4.5 M
NaCl, the rate constants are all in good agreement with
those measured using fluorescence. Moreover, the rate con-
stant of the unmodified hairpin sequence measured by CD
is the same as that of the sequence containing only tCO
(D3). At 3 M only the unmodified sequence was measured
as a reference (Table 5) and once again its rate constant is es-
sentially the same as that of the D3 sample measured using
fluorescence (Table 4). The sequences containing both tCO
and tCnitro display slightly higher rate constants but they re-
main in the same order of magnitude showing that the in-
corporation of the tricyclic cytosine probes has only a slight
impact on the kinetics of the transition. Importantly, we
find that our fluorescence-based technique gives rate con-
stants thatwellmatch the ones obtained using themore con-
ventional CD-method on non-modifiedDNA,making it an
excellent new tool to follow the kinetics of the B- to Z-DNA
transition in real-time at low concentrations.
CONCLUSIONS
Fluorescence spectroscopy is one of the most sensitive tech-
nique routinely available in the research laboratory today,
and our new reliable FRET-based method to study B- to Z-
DNA transitions and the formation of B-Z DNA junctions
is a valuable and straightforward tool to gain insight into
the mechanism and kinetics of the transition. Variation in
the fluorescence intensity and lifetime of tCO can be used to
qualitatively probe the B- toZ-DNA transition but the iden-
tification of Z-DNA using FRET is more reliable due to the
distinct characteristic responses for each donor/acceptor
configuration. Moreover, the variation of the FRET effi-
ciencies can be used to quantify the extent of the B- to
Z-DNA transition in the methylated B-Z DNA junction
structure or to follow the kinetics of the transition. Overall,
and despite a minor stabilizing effect that has been shown
to be negligible compared to that of 5-methylcytosine, the
tCO/tCnitro FRET pair is a reliable fluorescent tool tomoni-
tor Z-DNAwith little influence on the thermodynamics and
the kinetics of the transition and, thus, represents a valuable
alternative to the less sensitive and less versatile CD mea-
surements.
Among the available fluorescence methods to monitor Z-
DNA, the non-perturbing tCO/tCnitro FRET pair presents
the advantage of being more quantitative than simple flu-
orescence intensity-based assay and the tricyclic cytosine
molecules can be positioned at different position inside the
DNA sequence, for instance inside the Z-DNA segment or
across a B-Z DNA junction. Our straightforward FRET-
based method is also more easily implemented than single-
molecule experiments, although the latter can in certain
cases give deeper insights compared to ensemble measure-
ments. A recent report on the use of modified nucleobases
in single-molecule fluorescence show that increasingly sensi-
tive instrumentation and state-of-the-art methods may ren-
der the use of the tricyclic cytosine molecules in single-
molecules experiments possible in the near future (40). This
would make the tC nucleobases even more valuable for B-
to Z-DNA transition mechanism investigation, since this
would enable measuring single-molecule fluorescence and
real-time dynamics of a probe positioned directly inside the
Z-DNA segment and/or across a B-Z DNA junction.
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